We have identified the promoter region of the large ribosomal DNA repeat unit of Crithidia fasciculata by northern blotting and nuclear run-on analyses. These data show that transcription starts approximately 1 kb upstream of the 18S rRNA gene. S1 protection experiments and sequence analysis of this area resulted in a precise localization of the start site. We have been unable to identify conserved sequence element(s) by a direct comparison of the crithidial RNA polymerase I promoter region and similar promoter regions of other eukaryotes; not even to the promoter region of the more closely related kinetoplastid species, Trypanosoma brucei. The absence of homology within the primary sequence of the promoter region, which is also found in other eukaryotes, might explain the observed species specificity of in vivo and in vitro rDNA transcription, since this resides in the interaction of initiation factor(s) and the core promoter domain.
INTRODUCTION
Ribosomal RNAs are derived from a large transcription unit consisting of 18S, 5.8S and 28S rDNA. In most eukaryotes, these transcription units are organized as head-to-tail tandem repeats, where each unit is separated from the next by non-transcribed spacer regions (1) . The rDNA unit is transcribed into one large precursor, which is subsequently processed to generate the individual rRNA species (reviewed in (2-4)). The most complex form of processing occurs within representatives of the Kinetoplastida, where, in addition to the usual 18S, 5.8S and 28S rRNAs, four novel small rRNAs are formed ((5-7) and cited references).
In a number of higher eukaryotes, eg mouse (8) (9) (10) , Xenopus (11) , and humans (12) the respective promoter region has been mapped and the minimal promoter domains have subsequently been delineated by in vivo and in vitro transcription experiments (reviewed in (13) (14) (15) ). In the case of the Kinetoplastida, the only promoter region that has been mapped accurately is that of Trypanosoma brucei (5) . However, due to lack of suitable experimental systems, such as an in vitro transcription system or efficient transformation (16, 17) , no functional analysis has been performed to actually identify the sequence elements which make up the promoter domain in T.brucei.
Here we report, as a first step in identifying a functional RNA polymerase I promoter in C.fasciculata, the cloning and precise mapping of the initiation site of the large rDNA transcription unit. The primary sequence of this promoter region and a sequence comparison of this region to that of other eukaryotes are described.
RESULTS

Isolation of the rDNA transcription unit
We have cloned a 3.5kb Xhol/Clal fragment encoding the 5'-region of 18S rDNA from C.fasciculata by screening a genomic DNA recombinant phage library with an 18S probe of T. brucei (5) (see Materials and Methods) The restriction map of this fragment (pi 143) and of the subclones (pRPl, pRP2 and pRP3) derived from this fragment are shown in Figure 1 . To obtain information on the appropriate identity of the isolated clone, we sequenced fragment b of pRP2 ( Figure 1 ). The partial 18S sequence (data not shown) is identical to the sequence previously published (18) . Based on the sequence analysis and the map of the 3.5 kb Xhol/Clal fragment, we conclude that pi 143 contains approximately 1.6 kb of the 18S coding region of C.fasciculata (black box in Figure 1 ).
Mapping the start site of the rDNA unit by northern blotting
To map the start of the rDNA transcription unit in some detail, we hybridized northern blots containing total RNA with probes a, b, c, d, and e ( Figure 1 Figure 1 1 vs. lane 2); alternatively, it might indicate that the precursor RNA is rapidly processed.
In addition to the 4 kb RNA, both probes b and c hybridize to a faint band of approximately 10 kb. The size of this RNA covers most of the rDNA transcription unit, which is 13 kb in length (7) . We assume that this RNA is the primary transcript of the rDNA transcription unit, which would imply that the nontranscnbed spacer region is approximately 3 kb in size. A similar precursor has been observed in Tbrucei (5) Finally, we were unable to obtain a signal with fragment e, using similar experimental conditions; even prolonged exposures of these northern blots remained negative (data not shown). Taken together, these data strongly suggest that the start of the transcription unit is located within fragment d or near the PvuII site of pRP3.
Mapping the 18S rDNA mature and precursor RNAs by nuclease protection of hybrids
The 18S rRNA was mapped using end-labeled probes. Figure  3 shows an analysis of the 500 bp fragment f, which contains part of the 18S coding region. One prominent protected fragment of 185 nt is visible. The size of the generated fragment coincides with the expected start of the mature 18S rRNA as revealed by our northern analyses. In this experiment the input fragment is also protected, suggesting that the precursor RNA protects the 5' site of fragment f. The outcome of this experiment was confirmed in two additional experiments with fragments e and g. Fragment g, spanning fragments c and d, is located to the 5' site of fragment f. The northern experiments indicated that fragment d might contain the start site or that the start site is near the PvuII site of this fragment. In the SI experiment, fragment g was, however, completely protected against SI nuclease by the 18S precursor RNA Since we did not see any input fragment in the control experiment (E.coli tRNA; Figure  3 ), this strongly suggests that the start site lies just 5' of the PvuII site. Fragment e, which lies even more 5' and as a probe does not recognize a transcript in our northern analyses, is not protected at all: no hybrid band can be seen (data not shown).
In conclusion, these SI protection experiments are in good agreement with our northern analyses and suggest a transcription start site immediately upstream of the PvuII site, perhaps between the PvuII and the EcoRI sites of pRP3 ( Figure 1 ). To map the 5' start site of the 18S precursor exactly, we isolated fragment h, which was 5' end labeled. To generate a single labeled 5' site the fragment was subsequently digested with Hpall (see Figure  1) . One major protected fragment of 155 nt is visible. After prolonged exposure, additional bands 90 bp downstream of the dominant site can be detected, which could indicate processing sites of the primary transcript (data not shown). The position of the start site was subsequently confirmed by using fragment k, where we observed the expected 560nt hybrid fragment Finally, to determine the exact nucleotide at which 18 S transcription starts, the SI reaction of fragment h was run on a 6% PAGE adjacent to a sequencing reaction ( Figure 5 and data not shown) From this, we conclude that the start is 20 nt 5' of the PvuII site of pRP3.
Nuclear run-on experiments confirm the localization of identified start site The data described above strongly indicate that the start of transcription is immediately upstream of the PvuII site of pRP3. To confirm the outcome of the SI mapping experiments, we performed nuclear run-on experiments. Southern blots of digested DNA of pi 143 and pRP3 were prepared and subsequently hybridized to 32 P-labeled nascent RNA isolated from intact nuclei The prediction of this experiment is that all fragments 3' of the EcoRI site of pRP3 will hybridize to the 32 P-Iabeled nascent RNA. As can be seen in Figure 4 , fragments k, m, n, p and r, all localized 3' of the start site mapped by SI, hybridize to nascent RNA in ratio to their fragment length. No signal could be obtained with fragments I, o and q, all localized at the 5' site of the start site. These data are in full agreement with the SI protection experiments described above.
E T I E T I M E T I
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Sequence analysis around the transcription start site
To allow the identification of primary sequence elements, which would make up the RNA polymerase I promoter of C.fasciculata, we determined the nucleotide sequence of the region around the transcription start site. Figure 5 shows the sequence spanning 210 nt upstream and 210 nt downstream of the transcription start site. 
DISCUSSION
The start site of the rDNA transcription unit The structure and sequence of the nbosomal DNA unit of C.fasciculata, regarding the 18S, 5.8S and 28S rRNA and the four small RNAs encoded by this unit have been described (7) . In this paper we have identified the start site of the transcription unit by northern blotting analysis, SI protection experiments and run-on analysis.
Our northern analysis showed that the largest transcript derived from this unit is approximately 10 kb (Figure 2 ) Formally, we cannot exclude that larger precursors might be present. These should than, however, be rapidly processed so that they escape detection in northern blots. The total length of one repeat unit of Crithidia is 13 kb (7); this leaves approximately 3 kb for the nontransenbed spacer region, which ends 3' of the EcoRI site (Figures 1 and 2) . The main processing products of the 18S rDNA are the 4kb precursor and 2.3 kb mature 18S rRNA (Figure 2 ). Since the start site of the 18S rRNA was mapped close to the PvuH site by S1 protection (Figure 3 ) and run-on analyses ( Figure  4) , the 4kb 18S precursor RNA contains 1050 bp of 5' noncoding region and extends 700 bp downstream of the 3' end of the 18S rRNA. Since no other precursors have been identified, this suggests that the first processing step of the primary product occurs 3' of the 5.8S rRNA. This differs from the first processing step described in the related species T.brucei, where the first processing step occurs 5' of the 5.8S rRNA (5, 6 ).
The precise determination of the RNA start site was mapped by SI nuclease protection. We could pinpoint the exact position by running a sequence reaction adjacent to the S1 experiment. This indicated that the start of transcription is localized 20 nt upstream of the PvuII site of pRP3 (Figures 3 and 5) . After prolonged exposure of the gel, additional bands occured at about 90 nt downstream of the PvuII site. We cannot determine whether these bands represent bona fide start sites or whether they are processing sites. We favor the latter option, however, since processing sites up to several hundred nt downstream of the start site have been described for a number of other eukaryotes (2-4,14) , including T.brucei (5) . Moreover, we could not find any sequence homologies with these minor sites and the sequence 5' to the 18S start site.
We realize that SI protection experiments, although very sensitive, are prone to artefacts. We can, however, exclude the possibility that we would have mapped a false start. The run-on data show exactly the same transcription start (Figure 4) . The advantage of run-on experiments is that the nascent RNA is produced in a very short time span, resulting in minimal RNA processing. The combination of the SI and run-on experiments makes the mapping of the start site unambiguous.
The RNA polymerase I promoter
In an attempt to identify promoter elements at the nucleotide level, we performed a computer comparison. For this, we identified all large ribosomal transcription units contained within the EMBL/Gen Bank (respectively, release 19.0 and 60.0). We selected those sequences of which the promoter regions had been mapped by SI protection experiments and/or by in vitro transcription. We than searched, with the sequence shown in Figure 5 (Panel A) and a computer alignment program, for homologous sequence elements. We were, however, unable to identify any significant primary sequence elements which are generally conserved among eukaryotes and would make up a consensus sequence of the RNA polymerase I promoter. Even a comparison with the closely related kinetoplastid species T. brucei failed to identify any promoter element at the sequence level, except for stretches up to 4 nt and some dispersed nucleotides ( Figure 5, panel B) . Similar searches among closely related Xenopus and Saccharomyces species (13) are the only examples to date resulting in the identification of a limited set of sequence elements that might be the consensus sequence of the RNA polymerase I promoter in these species. It is our opinion, however, that these homologies reflect their evolutionary relatedness rather than a functional constraint on these sequence elements.
Functional analysis by the combination of the generation of deletion mutants and in vitro transcription experiments has shown that the region between +23 and -140 contains elements which directly influence the transcnptional activity of RNA polymerase I (reviewed in (13-15,19) ). Similar data were obtained by the generation of point mutations and the analysis of their effect on in vitro transcription by RNA polymerase I Generally, the mutations which affect and reduce the efficiency of RNA polymerase I fall within these areas outlined above (20, 21) . However, we could not detect any obvious sequence homology between the areas defined in this way. Taken together, these data strongly suggest that there is (are) no general sequence elements which characterize the promoter region of the nbosomal transcription unit in eukaryotes.
The isolation of the rDNA unit of C.fasciculata and the characterization of the start site reported here, and the charactenzation of the cnthidial RNA polymerases (J. Kock and A.W.C.A Cornelissen, in preparation), will allow us to try to establish an in vitro transcription system for RNA polymerase
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I. This should allow us to define functional aspects of the identified promoter region and the RNA polymerase I transcription machinery.
MATERIALS AND METHODS
Growth and culture of C.fasciculata C.fasaculata was grown under standard conditions in 3.7% (w/v) brain heart infusion broth supplemented with 20 mg/1 hemin and harvested in the mid-log phase.
Isolation of the ribosomal DNA unit of C.fasciculata We used a Crithidia genomic library in phage EMBL3, which was described by Swinkels et al. (22) . This library was screened with the 1.6 kb BgHL/Hindm fragment of pR4 encoding the ribosomal DNA unit of T.brucei (5) , at a final stringency of 3XSSC (lxSSC = 0.15M NaCl, 15mM sodium citrate, pH 7.0), 0.1 % SDS at 60°C The recombinant phage clone 40 was isolated from this library. From this clone the Xhol/Clal fragment was subcloned into pEMBL8, generating pi 143.
DNA and RNA isolation
Total RNA was isolated by LiCl/urea precipitation (23) and digested twice with DNasel (RNase free) before using for blotting and Sl-nuclease protection analysis. Plasmid DNA was isolated by the alkaline lysis procedure (24) . DNA fragments were purified from low melting agarose using Elutip d columns or by electroelution using the Biotrap (both from Schleicher & Schuell).
DNA restriction enzyme and RNA blotting analysis
Restriction endonuclease digestions, electrophoresis and transfer of DNA to nitrocellulose filters were performed as described (25, 26) .
RNA blots were prepared after size fractionation of RNA in formaldehyde agarose gels. RNAs were sized with the aid of the Gibco/BRL RNA ladder and subsequent staining of the RNA blots with methylene blue (27) . DNA and RNA blots were prehybndized as described (25, 26) and hybridized, respectively, with run-on RNA (see below) and with nick-translated 32 Plabeled probes (28) as described (25, 26) . All posthybridizational washes were to a final stringency of O.lxSSC, 0.1% SDS at 65 °C.
DNA sequence analysis DNA sequence analysis was performed with the dideoxy chain termination method (29) with modifications as described (30) . Due to the high GC content of C.fasciculata, 7-deaza-dGTP (Boehringer-Mannheim) was substituted for dGTP. Restriction fragments of pi 143 were subcloned into pEMBL8/9 vectors (31). To obtain a series of progressively deleted clones, subclones were linearized at a restriction site within the polylinker site and treated with Bal31 nuclease. Both strands of the plasmid were sequenced. Sequence analysis was performed with the program described by Queen and Korn ((32), Microgenie™, Beckman Instruments).
Run-on transcription
Nuclei were prepared by passing C.fasciculata cells through a Stansted cell disruptor and nascent transcnpts were in vitro labeled as described (33) . To selectively increase the incorporation rate of labeled nucleotides into nbosomal RNA, the run-on assays were performed in the absence of added Mn 2+ and in the presence of 200ug amanitin/ml (cf. (26)).
SI Nuclease protection experiments
The SI nuclease protection experiments were earned out with end-labeled probes as described previously (25) . Briefly, 10 ng of 5' labeled fragment (60.000 cpm) and 40 ug of C.fasciculata total RNA were hybridized in 20 ul hybridization buffer. The DNA was denatured at 85°C for 15 min. Hybridizations were carried out overnight at the temperatures indicated in the text. After hybridization, the samples were digested with 400 units SI/ml for 30 min at 37 °C. Control experiments contained 40 ug of E.coli tRNA. The SI products were recovered by precipitation with isopropanol and analyzed on 6% denaturing polyacrylamide gels. Size markers used were end-labeled fragments of HpaTJ-digested pBR322.
